Two closely spaced electron bunches have attracted strong interest due to their applications in two color x-ray free-electron lasers as well as witness bunch acceleration in plasmas and dielectric structures. In this paper, we propose a new scheme of delay system to vary the time delay up to several picoseconds while not affecting the bunch compression. Numerical simulations are performed to demonstrate the feasibility of this method. Two closely spaced electron bunches have attracted strong interest due to their applications in two color x-ray free-electron lasers as well as witness bunch acceleration in plasmas and dielectric structures. In this paper, we propose a new scheme of delay system to vary the time delay up to several picoseconds while not affecting the bunch compression. Numerical simulations are performed to demonstrate the feasibility of this method.
I. INTRODUCTION
The generation of two closely spaced electron bunches ("twin bunches") has been the subject of intense investigation in the recent past due to their application to diverse fields such as free-electron lasers (FELs) [1] [2] [3] and beam-driven plasma wakefield acceleration (PWFA) [4] [5] [6] . In an x-ray freeelectron laser, twin bunches are used to generate two-color x-ray pulses [7] with large output power for time-resolved x-ray pump/xray probe experiments. They can also find applications in staged seeded FELs to reduce the spectral noise and the temporal jitter [8] . Furthermore the application of this concept to witness-bunch plasma-wakefield acceleration [9, 10] , allows for greater flexibility in controlling the charge distribution, peak current and time delay, which can improve the performance of the PWFA.
The longitudinal dynamics of the twin bunches has been discussed in Ref. [11] including wakefield effects. Based on the analysis, the control of twin bunches is coupled with the compression of each individual bunch. So the final longitudinal separation, also called time delay, of the twin bunches is limited to roughly 300 fs under the requirement for high beam peak current. In this case, to further increase the time delay, a dedicated delay system could be considered. While electron dynamics typically happens on the scale of a few to tens of femtosecond, reaching picosecond delays is crucial for the time resolved investigation of nuclear motion in x-ray excited samples.
In this paper, we propose a new scheme of delay system to control the delay of twin electron bunches in picosecond range. We apply this system to the Linac Coherent Light Source (LCLS) [12] . Numerical simulations are performed to show that the delay system can vary the pulse delay up to several picoseconds while not affecting the compression of each individual bunch.
The paper is organized as follows. We begin in Sec. II with basic considerations and a detailed description of the new delay system. In Sec. III, we give some analysis of the delay system. In Sec. IV we discuss the application of this system to the LCLS and present the results of start-to-end numerical simulations. Finally, we give concluding remarks in Sec. V.
II. ELECTRON DELAY SYSTEM
In order to further increase the time delay while not sacrificing the intensity of single bunch, a dedicated delay system could be considered to be added into the two-stage-compression beamline. The delay system need to have little effect on the compression of each bunch.
A magnetic chicane is usually used to delay the electrons. Consider the scenario shown in Fig. 1 (a) . Two electron bunches with energy separation travel through a magnetic chicane. The extra time delay ∆T induced by the chicane is related to its R 56 and the relative energy separation δ of the two bunches by
where c is the speed of light and we have assumed that each individual bunch itself is unchirped so that the compression due to the magnetic chicane is negligible. The achievable delay with this method is limited by the finite energy separation δ, which is typically constrained to a few percent by chromatic effects in the beam transport. For example, for two electron bunches with relative energy separation 1 %, if we want to increase their time delay by 1 ps, the |R 56 | of the chicane need to be 30 mm. Alternatively, if we only allow one of the two bunches go through the chicane, as shown in Fig. 1 (b) , the extra time delay induced by the chicane will be
which is independent of energy separation. In this case, to increase the time delay by 1 ps, the required |R 56 | is only ∼0.6 mm and much smaller compared to the first method.
To only let one bunch go through the chicane, one possible way is to split the two electron bunches transversely. This can be achieved if the delay system is located in a dispersive section. In a high-energy linac, for example the LCLS, large dispersion usually appears in the middle of the large magnetic chicanes used for bunch compression. It follows that a small delay chicane added in the middle of the compression chicane can be used to increase the delay between the two bunches, as shown in Fig. 2.   FIG. 2 . A schematic layout of electron delay system (not to scale). The small chicane in the blue dashed square is inserted into the large chicane. The inserted chicane here is used to delay the low-energy bunch.
We can refer the small chicane in blue dashed square as "delay chicane". In the regular large chicane, the low (high)-energy bunch goes through the outer (inner) trajectory. The delay chicane can be used to delay either the low or high energy bunch. In Fig. 2 the chicane is illustrated to delay the lowenergy bunch. If the extra introduced delay is of several picoseconds, the required |R 56 | of the delay chicane (∼ 1 mm) is much smaller than the typical |R 56 | of a regular compression chicane (∼ 30 mm). Thus the delay chicane will have little effect on the compression of individual bunch. This also indicates that we can fully control the time delay through the delay chicane without changing other parameters in the beamline.
Since the transverse distance between the two bunches at the middle of the compression chicane is typically on the order of several millimeters, special care needs to be put in the design of the delay chicane. The four dipoles of the delay chicane will adopt septum magnets, which are normally used in the storage rings to kick beams for injection and extraction [13, 14] . Figure 3 shows the transverse cut of a septum magnet. The beam is stretched along x direction by the dispersion. There are two regions in the magnet: one is the vertical field region and the other is the field free region. The bunch in the vertical field region will be deflected and then pass through the delay chicane. For the design of the septum magnet, two parameters are very important: the beam-to-beam separation d b and the barrier between field and field-free regions d f . In a real design, the two parameters will be restricted by practical considerations such as shielding magnetic field to zero for generating the sharp field edge. Note that the septum magnet in Fig. 3 is used to delay the low-energy bunch (or the bunch in the outer trajectory). To delay the high-energy bunch, the two regions in the magnet have to be changed and the vertical field needs to be reversed.
III. ANALYSIS OF ELECTRON DELAY SYSTEM
We now consider the dynamics of the electron delay system in Fig. 2 in the x − z plane and hereafter neglect the uncoupled motion in vertical plane. Let the coordinate vector be (x, x , z, δ)
T . We use rectangular bends for the delay chicane and its transfer matrix (R d ) can be written as
with L d the total length and R d 56 the momentum compaction. Then the transfer matrix across the entire system is
where R 1 and R 2 are the transfer matrices of the sections before and after the delay chicane. If we refer η as the dispersion in the middle of the large chicane and R 56 as its momentum compaction, R 1 and R 2 can be written as
with L 1 and L 2 the length of each section. Then the matrix of the full system is
Comparing this matrix with the one without a delay chicane, we can find that only the momentum compaction is increased by R d 56 . The delay chicane does not introduce other elements in the full transfer matrix, such as dispersion. Providing different R 56 for the two bunches gives a new method to control the delay of two bunches.
The application of the septum magnets in the delay chicane puts extra requirements for the electron beam, since d b and d f in Fig. 3 cannot be too small. Assuming the beam transverse size along x dimension is dominated by the dispersion, then the transverse separation of the two bunches is
with δ the relative energy separation. For a fixed chicane, the minimum value of d b will lead to the minimum available energy separation of the two bunches. The energy separation is induced by the off-crest acceleration as the two bunches are separated by T in the upstream linac, which can be written as
where h is the final energy chirp of the two bunches before compression and T is within the same RF bucket. This final energy chirp includes the energy chirp induced by radio-frequency (RF) curvature and wakefields, and also the initial chirp. For a fixed chicane system, we can estimate the final energy chirp by the R 56 needed to transition into over compression [11] ,
A more accurate value of h should be a little larger, but this is still a good approximation. Then the transverse separation of Eq. 7 will become
which is determined by the chicane system and initial longitudinal separation. The value of Eq. (10) needs to be larger than the minimum available value in the septum magnet. In addition, the bunch length of individual bunch (L b ) is also limited, since the edge-toedge distance of the two bunches needs to be larger than the barrier d f to avoid beam loss. This condition can be written as
Using Eqs. (7) and (8), we will have
The ratio L b /T is defined as duty factor in Ref. [11] to represent the structure of twin bunches.
IV. APPLICATION TO THE LCLS
In this section we apply the above electron delay system to the LCLS to control highintensity twin bunches with tunable time delay up to several picoseconds. We assume typical beam parameters of a twinbunch/two-color FEL so that the final peak current of each bunch is set to be ∼ 4 kA. A schematic layout of the beamline with twostage compression is shown in Fig. 4 . The delay chicane is inserted in the middle of the second chicane (BC2). The incoming twin bunches before L1 are generated by the upstream injector with a variable delay on the order of a few picoseconds. The beam parameters after the injector are given in Table I. The total charge is 150 pC with 75 pC for each bunch and the initial time delay is 8 ps. The longitudinal phase space of the twin bunches before L1 is given in Fig. 5 with current profile. Here we assume a Gaussian distribution in time for each individual bunch and the beam centroid is accelerated on crest.
The designed delay chicane for the LCLS is shown in Fig. 6 with 2-m total length. The length of bend septum magnet is 20 cm. The drift length between the first and second, and also the third and fourth bend septum can be optimized to cover the required R 56 range with reasonable magnetic field. In our case, the drift length is 50 cm and the required magnetic field is 0.7 T to achieve -1-mm R 56 . According to Eq. (10), large initial longitudinal separation in L2 between the twin bunches serves to increase the transverse distance before the delay chicane. However, in the case of large longitudinal separation, the energy chirp difference due to the RF curvature becomes non-negligible, which will generate different compression effects for the two bunches. In this case, we can set the firststage chicane (BC1) at over compression to leave an opposite energy chirp on the beam compared with the one induced by L2. The energy chirp difference over the twin bunches after over compression can compensate the energy chirp difference from L2 to make the two bunches have similar behavior in compression. This can be understood by the following simulation results.
We use Elegant [15] to simulate the acceleration and compression of the two bunches with collective effects. In the simulation, for simplicity, we vary the off-crest acceleration phases of L1 and L2 to optimize the compression of BC1 and BC2 while keeping other parameters fixed. The beamline parameters are shown in Table II . Note that when the phases of L1 and L2 are changed, the corresponding RF amplitude will be adjusted to keep the same beam energy at BC1 and BC2. The R 56 of BC2 is -24.7 mm and the corresponding dispersion is 36.3 cm. Figure 7 gives the longitudinal phase space evolution and the transverse distribution in the middle of BC2. The R 56 of the delay chicane is 0 in the simulation. The L1 phase is set at −35.5
• to make BC1 at over compression, which can be seen from Fig. 7 (b) . As discussed in Ref. [11] , BC2 is set at over compression to let the high-energy bunch come first while the compression of each individual bunch is under compression to obtain flat energy chirp under the effect of wakefields. At the end of L3, as shown in Fig. 7 (e) , the peak current of the two bunches are both ∼4 kA Fig. 7 (d) ), the beam-tobeam horizontal separation before the delay chicane is about 11.5 mm and the edge-toedge separation is > 5 mm If we consider ±3σ range of the transverse distribution, as shown in Fig. 7 (f ). These two numbers are reasonable for the application of septum magnets. The wakefields of the septum magnet, including the step-out and resistive wall wakes, are both considered as the wake-induced energy loss may deteriorate the beam emittance after compression [16] . However, due to the low beam peak current (∼250 A) and high beam energy in the septum magnet, the wake-induced emittance increase is negligible (∼ 0.5 %) in our case.
We can choose either the high or low energy bunch to pass through the delay chicane to control the time delay. Here we take the low-energy bunch as an example. For the beam in Fig. 7 , we vary the |R Fig. 7 (e) but the final time delay (T f ) of the two bunches is extended linearly up to ∼ 2 ps (see Fig. 8 (a) ). The final energy separation is almost unchanged. The peak current of the delayed bunch in Fig. 8 (b) has a little growth due to the compression effect of the delay chicane. However, the peak current is still in reasonable range and the growth can be compensated by making a small change for the phases of L1 and L2. The delay chicane also has effects on the emittance of the twin bunches. When the R d 56 of the delay chicane is 0, the final projected emittane of the two bunches at the end of L3 is ∼1 mm-mrad in horizontal plane and ∼0.6 mm in vertical plane. The increase of the horizontal projected emittance is mainly resulted from coherent synchronous radiation (CSR) and chromatic effect as the energy spread of the two bunches is large compared with the designed beamline optics. Increasing the R d 56 of the delay chicane, the horizontal projected emittance decreases. This is because the additional longitudinal delay from the delay chicane avoids generating ultrahigh peak current when the two bunches overlap during compression, and hence reduces the CSR effect. The increase of the vertical projected emittance of the two bunches comes from the chromatic effect and beam optics setup. The vertical projected emittance of each individual bunch is preserved well during the whole beamline. In the simulation for this study, we used the LCLS optics designed for single bunch. To optimize the emittance of the two bunches, the optics needs to be redesigned for the two bunches with large energy separation.
V. CONCLUSION
In this paper, we proposed a new method to generate high-intensity twin electron bunches with ps-level delay. Our method relies on the use of a delay chicane in a highdispersion region that selectively delays one of the two bunches by means of four septum magnets. We apply this method to the LCLS and discuss the optimization of the beam parameters for two-color x-ray FEL operation. The results of numerical simulations demonstrate that with the proposed delay system, we can change the time delay between twin bunches up to several picoseconds with stable peak current and energy separation.
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